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□ Field of the Invention 

% 15 This invention relates generally to radio receiver circuitry, and more particularly, 

H; to radio receiver system including a variable-gain low noise amplifier controlled in a 

01 manner to reduce the linearity requirements of the system. 

O Background of the Invention 

u 20 A critical building block in a radio receiver is the low noise amplifier (LNA). The 

^ LNA amplifies the received signal and boosts its power above the noise level produced 

rij by subsequent circuits. As such, the performance of the LNA greatly affects the 

sensitivity of the radio receiver. 

Figure 1 shows a diagram of a typical radio receiver 100. The radio receiver 100 
25 includes a LNA 102 that receives radio frequency (RF) signals from an antenna 104 and 
amplifies the RF signals for use by subsequent radio circuits. For example, the radio 
receiver 100 also includes a band pass filter (BPF) 106, a variable gain amplifier (VGA) 
108, and a low pass filter (LPF) 1 10, which are used to demodulate the received signal. 
The sensitivity of the radio receiver is a measure of the minimum signal that can 
30 be detected and demodulated. The minimum detectable signal (MDS) can be found using 
the expression 

MDS = kTF T B 

where kT is thermal noise floor, F T is the noise factor of the radio receiver, and B is the 
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bandwidth of the system. It follows then that the sensitivity of the radio receiver is the 
minimum detectable signal adjusted by the signai-to-noise ratio (SNR) required for proper 
demodulation, i.e., 

Sensitivity = kTF T B(SNR)^ 

5 The noise factor F T of a cascaded radio receiver is described by the well known Friis 5 
equation as 

1 

where F t is the noise factor and G* is the power gain of the i* stage, Note that the gain of 
the first few stages reduces the noise contributed by later stages. As a result, the first 

10 stage or first few stages set the noise factor of the radio receiver system. 

The selectivity, or linearity, of the radio receiver is another important 
characteristic, and is a measure of the largest interfering signal that can be rejected by the 
system. Interfering signals can interact and produce intermodulation distortion products 
that degrade the quality (signal-to-distortion ratio) of the signal. The intermodulation 

15 distortion power increases rapidly with the interfering signal power. As a result, the later 
stages in a cascaded system have a profound effect on the overall linearity. This is 
because the gain of the earlier stages increases the amplitude of the signals applied to the 
later stages. 

The semitivity (cascaded noise factor) and selectivity (overall linearity) of the 
20 radio receiver create conflicting requirements. It is therefore advantageous to adapt the 
radio receiver to the operating environment. 

In practice, die radio is switched between two operating modes - the first mode 
sets the LNA to its high gain value to receive low power radio signals, while the second 
mode by-passes the LNA to handle strong interfering signals. The LNA is switched from 
25 high gain mode to bypass mode when the received signal power is significantly above the 
minimum detectable signal level *lypieaily, this level is slightly larger than the gam 
difference between the two settings of the LNA. 

Figure 2 shows a graph 20.0 that illustrates the process of switching the LNA of 
the conventional radio receiver between the two operating modes. When the received 
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signal power is low, the LNA is switched to its high gain value at shown at 202. When 
the received power is high, the LNA is switched to its low gain value as shown at 204. 

Unfortunately, the switching approach described above places great stress on the 
linearity of the radio system just prior to switching the gain of the LNA, and amplifies the 
5 received signal power high above the receiver's noise floor - much more than required. 
Therefore, what is needed is a radio receiver that solves the above-described problems 
while providing excellent sensitivity and linearity. 

Summary of Invention 
10 The present invention includes a radio receiver system that analyzes the automatic 

gain control signal to lower the gain of the LNA while maintaining at least the minimum 
Q required signal quality (SNR). The automatic gain control (AGC) signal specifies the 

Ol total gain of the radio receiver system and thus indicates the power level of the desired 

ft received signal The desired received signal is the signal that is transmitted to ? and 

£P 15 intended to be received, by the receiver. Thus, even though the receiver may also receive 
interfering signals with the desired received signal the receiver system included in the 
present invention operates to adjust the receiver based on the power level of the desired 
U received signal Therefore, the AGC signal is used to direct a control network to 

% optimally adjust the LNA and subsequent variable gain amplifier (VGA) stages to deliver 

ru 20 the required gain and performance. 

In one embodiment included in the present invention a radio receiver is provided 
that includes at least one amplifier to receive incoming radio signals. The radio receiver 
also includes a control circuit coupled to the at least one amplifier, wherein the control 
circuit receives a quality indicator and adjusts the gain of the at least one amplifier based 
25 on the quality indicator. 

In another embodiment included in the present invention a receiver is provided for 
receiving and demodulating an RF signal The receiver comprises an LNA having 
continuously variable gain coupled to receive the RF signal and produce an amplified 
signal at an LNA output. The LNA includes an LNA control input to receive an LNA 
30 control signal that adjusts a gain factor of the LNA. The receiver also comprises a VGA 
coupled to the LNA output to receive the amplified signal, the VGA includes a VGA 
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output that outputs a VGA output signal to downstream components of the receiver, arid 
wherein the VGA includes a VGA control input to receive a VGA control signal that 
adjusts a gain factor of the VGA. The receiver also comprises a control network coupled 
to the LNA control input and the VGA control input and wherein the control network 
5 operates to adjust the LNA and VGA gain factors based On a received power indicator of 
the RF signal 

In another embodiment included in the present invention, a method is provided 
for Operating a receiver to receive an RF signal for demodulation. The receiver 
comprises ail LNA with continuously variable gain that receives the RF signal and 

10 produces an LNA Output signal coupled to a VGA. The LNA and VGA have control 
inputs to receive control signals that set gain factors of the LNA and VGA, t espeetively. 
The method comprises the steps Of determining that a received power level of the RF 
signal is varying within a first Selected power range, maintaining the gain factor of the 
VGA, and adjusting the gam factor Of the LNA SO that a signal-tO-nOise ratio requited for 

15 demodulation Of the RF Signal is met with a selected margin and the linearity 
requirements of the receiver are reduced. 

In another embodiment included in the present invention, a radio receiver is 
provided that comprises a continuously variable gain low noise amplifier (LNA) coupled 
to a subsequent variable gain amplifier (VGA), a demodulator to generate an automatic 

20 gain control signal indicating a power of level of a desired received signal, and a control 
network coupled to receive the gain control signal to optimally set the gain of the LNA 
and VGA 

Brief Descriptio n of the Drawings 
25 The foregoing aspects and the attendant advantages of this invention will become 

more readily apparent by reference to the following detailed description when taken in 
conjunction with the accompanying drawings wherein: 

Figure l shows a diagram of a typical radio receiver; 
Figure 2 shows a graph that illustrates the process of switching a LNA of the 
so conventional radio receiver between the two operating modes; 

Figure 3 shows a block diagram illustrating how the received signal power 
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measurement k used to control the gain of a radio receiver; 

Figure 4 shoves a diagram of radio receiver system constructed in accordance with 
one embodiment of the present invention that operates to control the signal gain of a 
front -end variable -gain LNA and a sufesequent VGA; 
5 Figure 5 shows a diagram of the control network used to control a variable -gain 

LNA and subsequent VGA in accordance with the present invention; 

Figures 6a-b show graphs that illustrate how the gain of the LNA and the VG A 
are adjusted in accordance with the present invention based on changes to the power level 
of the desired received signal; and 
10 Figures 7 4& shew several variable -gain LNA topo logies constructed in 

accordance with the present invention. 

Detailed Descfjption 
The preseat iavention iaciudes a system having an LMA with contismousty 
15 variable gain. The gain of the LNA is varied with the power level of the desired received 
signal such that the signal-to-noise ratio required for demodulation is met with some 
margin and the linearity requirements of the radio receiver are eased. Thus, various 
embodiments of the present invention are described in detail in the following text. 

The power level of the desired received signal input to the LNA can be measured 
20 in a varied of ways. In most radio receivers, a received signal strength indicator (RSSI) 
signal is available. It measures the total signal power after filtering and includes 
amplified noise, attenuated interfering signals, and intermoduiation distortion products. 
Another method to determine the received signal power is fey estimates of the bit energy 
per spectral noise density (£&/N o y This is practical in digital communication systems and 
25 is a better indication of the signal' s power relative to the radio system' s noise fioor. A 
third method to determine fee desired received signal power is based on the number of bit 
errors in the decoding process. This is directly related to the bit energy per spectral noise 
density technique. Thus, there exist a number of knov^ techniques to determine the 
signal power of a received signal, and any of these techniques may fee suitable for use in 
accordance with the present invention. 

Figure % shows a diagram 30& illustrating how the desired received signal power 
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measurement is used to control the gain of a conventional radio receiver. In a typical 
heterodyne radio receiver, the gain is controlled through an intermediate frequency (IF) 
variable gain amplifier (VGA) 302, while a front end LNA 304 is selectively bypassed 
using a switching circuit. However, this conventional radio receiver design is subject to 
5 the problems described above. 

Figure 4 shows a diagram of a circuit 400 constructed in ac cordance with one 
embodiment of tbe present invention that operates to control the signal gain of a front-end 
variable-gain LNA 402 and of a subsequent VGA 404. In the circuit of Figure 4, the gain 
of the LNA 402 is continuously adjusted, either individually, or together with the gain of 
10 the VGA 404. Thus, the circuit of Figure 4 operates to vary the gain of the LN A 402 
with the power level of the desired received signal such that the signal-to-noise ratio 
Jl ; required for demodulation is met with some margin and the linearity requirements of the 

O radio receiver are eased. As described above, any suitable technique may be used to 

Zi determine the received signal power. Digital system 406 outputs automatic gain control 

15 signals 40£ and 410, respectively, to control the gain of the LNA 402 and die VGA 404. 
fy Figure 5 shows a diagram of a control network 500 used to control the variable- 

U gain LNA 402 and the subsequent VGA 404 in accordance with the present invention. In 

H" one embodiment, the control network is incorporated into the digital system 406. The 

m control network 500 uses a measurement of the desired received signal (502) to generate 

b: 20 the LNA control signal 408 that sets the gain of the LNA 402, and the VGA control 

signal 410 that sets the gain of the VGA 404. Hie control network may also make use of 
a quality factor 504, such as the bit energy per spectral noise density {EiJN 0 \ bit-error- 
rate (BER), or frame erasure rate (FER) of the detected signal to fine-tune the gain of the 
LNA and VGA. In one embodiment, the quality factor is generated by the digital system 
25 406. The control network comprises any technology including digital logic, analog 

circuitry, and/or software to generate the control signals applied to the variable-gain LNA 
and VGA in accordance with the present invention. 

Figures 6a-b show graphs that illustrate how the gain of the LNA and the VGA 
are adjusted in accordance with the present invention based on changes to desired 
30 received signal power. In one embodiment, illustrated in Figure 6a, when the power of 
the received signal {Pnx) is minimum, the gain of the LNA 402 is set to maximum 602 
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and the gain of the subsequent VGA 404 is set (604) to properly drive the A/D converter 
406. As the power of the desired received signal increases, the gain of the LNA 402 is 
reduced until the it reaches a minimum 606, after which, the gain of the subsequent VGA 
404 is reduced, as shown at 608. Thus, the LNA and VGA are adjusted independently to 

5 achieve the desired performance. 

In another embodiment, illustrated in Figure 6b, as the power of the desired 
received signal rises above the radio receiver's sensitivity level, the gain of the LNA 402 
and the subsequent VGA 404 are adjusted together, as shown at 610 and 612, 
respectively. This continues until the gain of the LNA is minimum 614, then only the 

10 gain of the VGA is reduced, as shown at 61 6. Thus, the LNA and the VGA are adjusted 
together to achieve the desired performance. 

It is preferable in the operation of the system that the LNA control is continuous, 
and for certain systems that rely heavily on power control such as CDMA IS95 and 
WCDMA, predictable. A simple calibration process ensures this second requirement. 

1 5 Figures 7-9 show several variable-gain LNA topologies constructed in accordance 

with the present invention. Figure 7 shows a continuously variable-gain LNA based on a 
current-steering technique. This circuit offers a fixed input linearity. Figure 8 shows a 
variable-gain LNA wherein a varactor or pin diode 802 is used as the load of the LNA to 
provide an alternative means to vary gain. This approach also offers a fixed input 

20 linearity. 

Figure 9 uses shunt feedback 902 to alter the gain of the LNA and improve the 
input linearity and results in superior operation. It should be noted, however, that in some 
applications the input linearity is a secondary issue, with die primary issue being LN*\ 
gain control to ease the linearity burden on later stages. With regards to the operation of 
25 the variable shunt feedback LNA structure of Figure 9, at a high gain setting the feedback 
impedance is very high. As the gain decreases, the impedance of the shunt element 902 
decreases, thereby increasing the feedback, lowering the circuit* s gain, and improving the 
circuit's linearity. The amount of feedback, known as the feedback factor [fl>\ is given by 
the following expression 
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where Zp is the feedback impedance, Z s is the source driving impedance (typically 50Q), 
and Z in is the input impedance to the LNA. 

The feedback element 902 can be implemented using the variable capacitance of a 
5 varaetor. This approach, however, is limited since it requires high-performance varactor 
technology. Another embodiment uses a MOSFET transistor as a variable resistance. 
This is directly realizable in BiCMOS technologies. 

It should be also noted that at lower gain settings, the desired received signal 
(Prx) is much higher than the system's noise floor. As such, the input match can be 
D 10 degraded without sacrificing performance. In practice, this is the case, and so the input 
m impedance (and match) of the LNA will change with the gain in all of the above circuits. 

:7j Since all radio receivers employ an LNA, one or more embodiments included in 

0^ the present invention are suitable for use in any radio architecture, including heterodyne, 

Qj 

7 direct conversion, lowJF, digital JF and sub-sampled receivers 

X f 1 5 The present invention includes an LNA with continuously variable-gain that 

H solves the problems created by LNA with switehed-gain used in conventional radio 

% circuits. The embodiments described above are illustrative of the present invention and 

WW? 

^ J are not intended to limit the scope of the invention to the particular embodiments 

described. Accordingly, while several embodiments of the invention have been 
20 illustrated and described, it will be appreciated that various changes can be made therein 
without departing from the spirit or essential characteristics thereof Accordingly, the 
disclosures and descriptions herein are intended to be illustrative, but not limiting, of the 
scope of the invention, which is set forth in the following claims. 
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